Introduction
Purple acid phosphatases (PAPs) [1] [2] [3] Despite the availability of detailed structural data, the catalytic mechanism of PAP is not fully understood to date. The substrate coordination mode as well as the identity of the attacking nucleophile remain a matter of debate and two different mechanisms have been proposed. 1, 11 Krebs et al. have suggested a mechanism for red kidney bean PAP (kbPAP) in which the substrate binds in a monodentate fashion to the M II ion, while Fe III provides a terminally bound OH -as nucleophile at acidic pH (Scheme 1a). 5 By contrast, an alternative mechanism has been proposed for pig and sweet potato PAP in which the substrate forms a µ-1,3-phosphate complex, thus placing the µ-hydroxo bridge in an ideal position to act as the reaction-initiating nucleophile (Scheme 1b). 10, 12, 13 Recent studies have indicated that PAPs might employ a flexible mechanistic strategy ("one enzyme -two mechanisms" hypothesis), whereby the substrate coordination mode and the nature of the attacking nucleophile vary depending on the metal ion composition, the second coordination sphere and the substrate itself. 3 The catalytic activity of a metal ion is largely governed by its Lewis acidity. The stronger the Lewis activity, the stronger is the effect of the metal ion on substrate activation.
On the other hand, an increase in the Lewis acidity of a metal ion results in a decrease of the nucleophilicity of a bound hydroxide. Fujii and co-workers studied the catalysis of the hydrolysis of phosphate triesters by Zn II complexes and found an inverse correlation between the activity of the Zn complex and the pKa value of zinc-coordinated water. 15 By contrast, an increase in the catalytic activity of macrocyclic Cu II complexes with increasing pKa value of Cu-OH2 was reported by the same author for phosphodi-and -triester hydrolysis. 16 Kimura et al. compared the reactivity of the Zn complexes of 1,5,9-triazacyclododecane and 1,4,7,10-tetraazacyclododecane towards a phosphotri-and a phosphodiester and observed in both cases a decrease in reactivity with increasing pKa of Zn-OH2, 17 while Mancin and co-workers have recently reported a comprehensive study on a series of Zn complexes that revealed a positive correlation of the reaction rate of phosphate diester hydrolysis and the basicity of the Zn-bound nucleophile indicating that the efficiency of the nucleophile determines the intrinsic reactivity of the metal complex in this case. 18 Clearly, although metal-mediated phosphate ester hydrolysis has been studied for several decades, there is still a great need for further investigations.
We have synthesized a series of Ga III complexes with the tripodal ligands shown in Besides being a suitable mimic of Fe III , Ga III is characterized by a well-defined coordination chemistry and absence of a relevant redox chemistry, which allows for detailed reactivity studies without interference due to competing oxidative cleavage pathways. The aim of the study was twofold: Firstly, we wanted to assess the effect of the ligand donor atoms on the Lewis acidity and on the catalytic properties of the M III ion in PAP. In particular, the presence of the tyrosine residue in the active site of PAP prompted our interest.
As mentioned above, the role of the phenolate group is believed to be the stabilization of the Fe III ion. However, the donor strength of the phenolate ligand may also influence the catalytic [GaL 6 (µ-OH)]2(NO3)2 . 3H2O (6). Ga(NO3)3·8H2O (2.92 g, 7.3 mmol) was dissolved in 50 mL water and added to a solution of HL 6 (1.87 g, 7.3 mmol) in water (50 mL). The pH value of the solution was adjusted to 2.5 using 5 M NaOH. Species diagrams were computed using a program based on the COMICS algorithm.
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Kinetic Measurements. The hydrolysis rate of BDNPP was measured by monitoring the increase in the visible absorbance at 400 nm due to the release of the 2,4-dinitrophenolate anion. Rate constants were obtained by the initial rate method (< 5 % conversion).
Concentrations of 2,4-dinitrophenolate were calculated from the extinction coefficient %. To determine the solvent deuterium isotope effect, analogous kinetic experiments were performed in H2O and 99.9 % D2O. The correction pD = pHmeasured + 0.4 was applied to the pH meter readings. 25, 26 kD values for the reaction in D2O were corrected for the uncatalyzed reaction in D2O using the rate constant in water and the reported isotope effect for the spontaneous BDNPP cleavage. 19 Fitting of the kinetic data was carried out using a non-linear least squares program based on the NIHH23 algorithm. 30 an Oxford Diffraction Xcalibur CCD diffractometer using graphite-monochromated Mo-K radiation (= 0.71069 Å). 31 The structures were solved by direct methods and subsequent Fourier syntheses and refined by full-matrix least squares on F 2 using SHELXS-97, SHELXL-97 32 and Oscail. 33 The scattering factors were those given in the SHELXL program. Hydrogen atoms except those for the water molecules of crystallization were generated geometrically and refined as riding atoms with isotropic displacement factors equivalent to 1.2 times those of the atom to which they were attached (1.5 for methyl groups).
Graphics were produced with ORTEX. 34 Crystallographic data and details of refinement are reported in Table 1 .
DFT Calculations. All DFT geometry optimizations were done in water at the B3LYP/6-31G* level using Spartan'08. Figures 2 -5 show the X-ray structures of complexes 3 -6, selected bond lengths and angles are listed in Table 2 . In the dimeric complexes 3, 4, and 6, Ga is located in slightly distorted octahedral coordination environments formed by the respective tetradentate tripodal ligand and two bridging hydroxide groups. Ga ... Ga distances lie in the range 2.951 to 2.982 Å. In all three structures, the hydroxo bridges are asymmetric with the bond to OH trans to the tertiary amino nitrogen being always the shorter one. Bond angles around the bridging oxygen range from 99.2 to 100.9°. Ga-N bond distances are longer for the tertiary amino nitrogen than for the primary amino group and pyridine nitrogen.
In the centrosymmetric 2:1 complex 4a, Ga is situated on an inversion centre ( Figure   4a ). The ligands coordinate through two carboxylate oxygens and the tertiary amino nitrogen, while the primary amino group is protonated and non-coordinating. Ga-O and Ga-N bond lengths fall in the typical range. In the crystal packing (Figure 4b 
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Ga (1a) Ga (1) O (5a) O (5) N (2) O (3) O (4) O (1) O ( been corrected for the spontaneous hydrolysis of the substrate. In the case of 6 long induction periods were observed which render the kinetic data difficult to interpret and for which we do not have a rational explanation at present. For 1 -5 bell-shaped pH-rate profiles were obtained with maxima at pH 7.0 (1), 7.5 (2), 6.4 (3), 6.7 (4) and 8.5 (5) (Figure 6 ). The bellshaped pH-rate profiles strongly suggest that the aqua-hydroxo forms of the complexes are the active species for hydrolyzing the phosphate diester. 
Fitting the kinetic data to equation (5) gave the Keq, pKa, and k values summarized in Table 3 .
To gain more insight into the reaction mechanism, the solvent deuterium isotope effect kH/kD has been measured. The solvent deuterium isotope effect is the classical method for distinguishing between a nucleophilic and a general base mechanism. Generally, a kH/kD value ranging from 0.8 to 1.5 indicates a nucleophilic mechanism for phosphate ester hydrolysis, where no proton transfer is involved in the rate-determining step, while a kH/kD value greater than 2 supports a general base mechanism, where M-OH deprotonates an external water nucleophile. On the basis of the X-ray structures of 1, 3 and 4, it has been assumed that the phenolate oxygen, the amino nitrogen and one carboxylate group coordinate meridionally in the solution structure of 1 and 2, while in 3 and 4, a carboxylate oxygen, the tertiary amino nitrogen and pyridine / primary amino nitrogen occupy meridional coordination sites. As it is not clear, which of the two aqua ligands of the diaqua species has the lower pKa value, both possible scenarios have been considered: (i) The hydroxo group is trans to the tertiary amino nitrogen, while the aqua ligand is trans to a carboxylate group and (ii) the hydroxo group is positioned trans to a carboxylate oxygen and the aqua ligand trans to the nitrogen. The former possibility is more likely. It is well-established that the relative acidity of coordinated water molecules is usually determined by the donor atom trans positioned to them. The weaker the metal-ligand interaction, the stronger is the metal-water interaction and the lower is the pKa value. In the X-ray structures of the diaqua and hydroxo-bridged complexes 1, 3 and 4 the Ga-Ntert.am bond is always longer than the Ga-O bonds suggesting that a water trans to nitrogen has the lower pKa value. For 5, four different scenarios have been considered: (i) the two phenolate groups trans to each other, the aqua ligand trans to the carboxylate group and the hydroxo group trans to the nitrogen, (ii) the carboxylate group trans to a phenolate, the aqua ligand trans to the other phenolate oxygen and the hydroxo group trans to nitrogen, (iii) the two phenolate groups trans to each other, the aqua ligand trans to the nitrogen and the hydroxo group trans to the carboxylate and (iv) the carboxylate group trans to a phenolate, the aqua ligand trans to the nitrogen and the hydroxo group trans to a phenolate. The calculated Ga-OH bond distances for the aqua-hydroxo species of H3L 1 -H3L 5 are listed in Table 4 , optimized structures are shown in Figure S5 . Ga-OH bond lengths vary from 1.841 to 1.907 Å, when the OH group is trans to nitrogen and from 1.854 to 1.896, when the OH group is trans to oxygen. In both cases the bond distance increases in the order [GaL
That is the longest Ga-OH bond is found, when Ga is bound to the two phenolate groups of H3L 5 .
Discussion
The bell-shaped pH-rate profiles with maximum kobs values at pH values where the concentration of [GaL(H2O)(OH)] n+ is greatest indicate that the aqua-hydroxo species are the active species. The pH optimum shifts to higher pH values in the order 3 < 4 < 1 < 2 < 5. The rate constant at the respective optimum pH value increases in the same order, with the difference between the rate acceleration provided by 3 and 5 being approximately one order of magnitude (Table 3) weaker, in the order 3 < 4 < 1 < 2 < 5, suggesting the following trend in nucleophilicity of Equilibrium constants Keq for the equilibrium between aqua-hydroxo species and (hydrolytically inactive) hydroxo-bridged dimers have been obtained from the kinetic data show a lower tendency to dimerization than the neutral ones.
It is well-known that the donor properties of the ligand influence the metal-water and metal-hydroxide interaction. The stronger the metal ligand bond, the weaker is the metalwater / hydroxide interaction in aqua and hydroxo species. As evident from the kinetic data for the different Ga complexes, the presence of a phenolate donor site apparently confers higher catalytic activity than does a neutral nitrogen donor site. In the X-ray structures of the having an electron-withdrawing substituent. While the catalytic activity follows the trend in Ga-OH bond strength, the correlation between reactivity and basicity of the nucleophile is less clear. The kinetic pKa values for the deprotonation of the first aqua ligand increase in the order 1 < 3  4 < 2 < 5, whereas the order of activity is 3 < 4 < 1 < 2 < 5. It should also be noted that there is no proportional correlation between the difference in pKa and the difference in the rate constant. As the nucleophilicity is generally related to the basicity, this suggests that although the nucleophilicity is the key factor in determining the catalytic activity, other factors, like e.g. steric factors and / or substrate activation also contribute.
The observation that the presence of phenolate donor groups has a positive effect on the catalytic activity is relevant with regard to the tyrosinate ligand in the coordination sphere of (3), 6 -9.5 (4), 5.5 -10 (5) and 5 -9 (6), this work. 
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